Slip casting is one of the most popular shaping method in ceramic technology which allows producing a large number of elements in small period of time. This shaping technique gives a possibility to fabricate ceramic or composite materials such as ZrO 2 -Ti. Ti with its properties (low density, high melting point, high-temperature strength, good corrosion resistance and others) combine with ZrO 2 (high flexure strength, high compression resistance and very high K IC ) can be considered for different applications as constructional and functional materials. For the preparation of such composite nanometric zirconium oxide powder stabilized by 3 mol% Y 2 O 3 and micrometric titanium powder were used. Water-based slurries with 35, 40, 45 and 50 vol.% solid phase content were prepared with 3, 10 and 15 vol.% addition of titanium powder. Zeta potential and pH of prepared slurries were considered. The pH changes were tested as a function of Ti content. The viscosity of the prepared slurries was measured. The sedimentation tests for selected slurries were performed. The casting rate for slurry of 35% solid phase with 10 vol.% Ti was examined. These measurements showed good stability of slurries. With the increasing of the solid phase concentration the density of the green bodies increased. However, the increase of the content of Ti powder reduced the density of green body samples. For selected samples the SEM observations was carried out. Composites produced by slip casting were characterized by a homogenous distribution of Ti particles in the ZrO 2 matrix.
Introduction
Ceramic-metal composites with a ceramic matrix can be shaped for bulk materials by method such as die pressing [1] or methods based on colloidal processing such as slip casting [2] [3] [4] [5] [6] . Slip casting is one of the most common methods used in ceramic technology. Slip casting is a method in which aqueous suspension of ceramic particles is poured into a plaster mould. Samples are obtained by removing the liquid phase (solvent) through the pores of the form. The method enables the production, among others, ceramics or ceramics-metal composites with complex shapes [3] [4] [5] .
The homogeneity of the slurry and the green density of casted samples affects the properties of the final material prepared by slip casting. Generally, the quality of the slurry must meet a number of requirements such as a highest possible solids content, high stability that prevent sedimentation, a low viscosity, good fluidity in order to evenly fill the form and to give the desired shape, exhibit the ability to flow even at very low amounts of addition of deflocculant and high casting rate [2] [3] [4] [5] [6] .
Proper selection of the components of slips is highly dependent on powders used to create material. In order to produce ceramic-metal composite, preparation a mixture of ceramic powder and a suitable additive of metal powder. The slurry also consist, in addition to the powder, the solvent -usually water, deflocculant, binders, and surfactants. The preparation of the slurry for casting of ceramic metal composites focuses on preventing the sedimentation of heavy, usually micrometric metal particles. As a result, composites are produced with a homogenous distribution of metal particles in the volume of the ceramic matrix [2, 5, 7] . For the best properties ZrO 2 is additionally stabilized with a small content (3 mol%) yttrium oxide. This material has excellent resistance to thermal shock, corrosion resistance, high wear resistance, high strength and higher fracture toughness than many other ceramic materials [8] [9] [10] . Titanium is a metal characterized by a high strength relative to weight ratio, excellent corrosion resistance and biocompatibility. Titanium is used in many areas of advanced technology: aerospace, medicine and chemical industry. However, due to limitations resulting from low wear resistance titanium involves many complex processes [9] [10] [11] . The combination of both of these materials allows the formation of a composite with or improved properties and wide use even as thermal barriers. Despite to the used of couple ZrO 2 -Ti will be limited to the properties temperature behavior of metal, the mechanical properties like fracture toughness of zirconia matrix with titanium particle may increase [8] [9] [10] .
The paper presents preliminary results of research on the production of composites from the ZrO 2 -Ti system using slip casting method. There is no literature about the fabrication of ceramic metal composites from ZrO 2 -Ti system by slip casting method.
Experimental details
For the preparation of slurries nano-sized powder of zirconium oxide ZrO 2 stabilized by 3 mol% Y 2 O 3 (TOSOH) having a particle diameter below 100 nm (Fig. 1 ) and the micrometer titanium powder (MerckChemicals) with particle diameter d = 15,9 μm ±11,1 μm (Fig. 2) were used. The densities of the two powders were determined by a helium pycnometer AccuPyc 1340 II and were 5.88 g/cm 3 and 4.4 g/cm 3 for ZrO 2 and
Ti respectively. For the preparation of slurry as a solvent the distillate water was used. As deflocculant a diammonium citrate in an amount of 0.3 wt.% (in respect to the weight of solid phase) was used.
The suspension was prepared by mixing for 1 h in a planetary ball mill Retsh PM 100. The prepared slurry was cast into plaster moulds. The volume fraction of powders was varied from 35 to 50 vol.% (Tab. 1). The concentration of Ti in the slurry was varied from 3 to 15 vol.% (Tab. 1). The zeta potential of pure zirconia, titanium and the mixture of zirconia and titanium powders was measured using Zetasizer Nano ZS (Malvern Instruments). The concentration of powder in an electrolyte solution was about 100 ppm. The concentration of NaCl electrolyte was 10 −3 M. Before the measurements every sample was sonicated for 5 min in ultrasonic bath EMMI 12HC (EMAG). The pH of the suspension was adjusted using 0.1 M HCl or NaOH solutions and varied from 3 to 11. The slurry should be characterized by a good stability in time, that uncontrolled agglomeration processes cannot take place. Instability of slurry would result in inhomogeneous density of green bodies after slip casting process, which would bring to the material stresses causing cracking of the material during sintering or significantly decrease the mechanical strength of the material. A key indicator of the stability of slurry is zeta potential which shows a degree of electrostatic repulsion between adjacent, similarly charged particles in a dispersion. It is assumed that the suspension is stable in a long period of time when the absolute value of the zeta potential is above 25-30 mV [12] . For measurement of casting rate the slurry of 35% solid phase with 10 vol.% Ti was prepared. The suspension was cast into plaster mould in diameter of 30 mm and 30 mm deep. The slurry temperature before casting was 21°C. The forms were filled with slurry and after 5 min excess of suspension was decanted. This same procedure was repeated for 10, 15 and 20 minutes. Afterwards the green bodies were removed from the moulds and dried in 105°C. For all samples the thickness at the half high of walls (d) were measured. Subsequently, the casting rate (V) was calculated using the formula [13] :
where: d 2 -wall thickness of cake after casting time t 2 [mm], d 1 -wall thickness of cake after casting time t 1 [mm], f -correction factor for the viscosity of the water depending on the temperature, (slurry temperature at 21°C).
The viscosity of slurries was measured by Kinexus Pro rheometer (Malvern Instruments) in a plate-plate geometry. The diameter of rotating geometry was 40 mm. The gap between plates was 0.5 mm. During the measurements, value of shear rate was increased from 0.1 to 500 s -1 . The measurements were done at 25°C. For the prepared slurries pH was measured. The density of the green bodies after casting by geometrical method was measured, by height and width of samples. Then the basic mathematical dependence was used, and density of green bodies was calculated. The sedimentation test was conducted in a plastic tube up to 16 hours. Scanning electron microscopy picture (HITACHI SU-70) of microstructure of the fracture for selected samples were observed.
Distribution of Ti particles within ceramic matrix was characterized on sintered samples with the use of computer image analyzer. In order to determine the distribution of the metallic particles the Voronoi tessellation have been used [14] .
Results and discussion
Selection of the appropriate slurry is crucial in the production of composite materials, because it can affect the density of the green bodies and consequently the density and quality of the final material. Fig. 3 and Fig. 4 show the relationship between zeta potential as a function of pH of aqueous suspensions of ZrO 2 , Ti and mixtures of both powders in a volume ratio of 90:10. For measurements of metal powders should be aware that their surface is easily oxidized. Therefore, in the case of Ti powder, we measure the zeta potential of oxidized Ti. In aqueous solution the Ti particles containing a surface layer of TiO 2 are generally covered by hydroxyl groups. Hence, the surface charge is a function of solution pH, which is affected by the reactions that occur on the surface. The measured zeta potential of oxidized Ti are comparable with literature data of TiO 2 zeta potential [15, 16] .
As presented in Fig. 3 , the zeta potential of Ti and ZrO 2 in all investigated range of the pH shows negative values. Theoretical stability of the slurry (zeta potential greater than 25 mV) is achieved above pH 5. However, from the practical point of view, the slurries are enough stable for slip casting above pH 6 and pH 7 for Ti and ZrO 2 respectively.
The dependence of zeta potential as a function of the pH of the aqueous slurry of ZrO 2 and Ti mixture in a volume ratio of 90:10 with the presence of 0.3 wt.% diammonium citrate is presented in Fig.4 . One can see that the addition of a small amount of dispersant increases the absolute value of the zeta potential. It means that the addition of the diammonium citrate increases the stability of suspensions in comparison to the slurries without the addition of dispersant. The zeta potential at pH 8, which corresponds to the pH of the ceramic slurries used for slip casting (Fig. 5) is approximately 35 mV. This value ensures high stability during casting confirmed by sedimentation test shown in Fig. 6 . This follows the fact that at a pH above the pKa (acid dissociation constant) of diammonium citrate (pKa = 3.13, 4.76, and 6.40), the dissociation of two ammonium groups and proton occurs. As a result of ionization, the carboxyl groups of adsorbed molecules got a negative charge (-COO -) what increases the absolute value of the zeta potential. The conducted research have shown that the pH of the ceramic slurry depends on the amount of titanium in the suspension. The increase of titanium content decreases the pH of the slurry (Fig. 5) . This may be due to attachment of water molecules to the Ti surface covered by layer of titanium oxide and the dissociation of hydrogen. As a result, the surface of titanium in an aqueous suspension can undergo hydroxylation releasing to solution H 3 O + ions. Higher amount of titanium in slurry, the more hydrogen ions are released into solution decreasing the pH of suspension. This mechanism may be represented schematically as follows:
However, it should be noted that the change in pH does not exceed 0.5 units, therefore, does not affect the overall stability of the composite slurry. The effect of solids content on viscosity as a function of shear rate is showed in the Fig. 7 . For slurry with 35 vol.% of solid phase the viscosity had the lowest value. Between suspension of 40 and 45 vol.% of solid phase different in viscosity was slight. For the slurry with 50 vol.% of solid phase the viscosity was much higher. However, the viscosity of all slurries was low enough to pour them into the mould and it filled the mould properly. The decrease of viscosity could be connected with particle sizes of powders. Generally for the same volume fraction of powder the suspensions with smaller particles shows higher viscosity than the suspension with bigger particles. This effect is related with amounts of particles and distance between them which is greater in suspensions containing bigger particles. Therefore, the particles do not collide so often so the friction between particles is smaller and hence viscosity is reduced. In this research some volume of small zirconium particles is replaced by the same volume of bigger particles of Ti. It is mean that the average distance between particles increases while the number of particles in slurry decreases. As a result the viscosity decreases with increasing content of Ti.
As it was mentioned, one of the important features of the suspension for slip casting is preventing sedimentation. Although the stability of slurry can be predicted by zeta potential measurements, the sedimentation of "real" ceramic suspension can occurs. Usually this is due to low volume fraction of powder, low viscosity and especially high density of powders. That is why the sedimentation test gives an important information about behaviour of slurry during casting. In the study, the sedimentation test was carried out for two slurries with 10 vol.% of Ti and solid concentration of 40 and 50 vol.%. This test showed that in both cases after 1 hour, 8 h and 16 h no phase separation were observed. In Fig. 9 the results of sedimentation test after 16 h are presented.
The high concentration of solid phase makes the distance between the particles of powder quite small what allows them to stabilize together by mutual repulsion on the principle of electrostatic interactions. If the concentration of solid phase was not so high that despite the high value of zeta potential large particles of titanium with a relatively high density sediment in the gravitational field of the earth. Research has shown that with increasing concentration of solid phase for the fixed concentration of Ti, the density of green bodies formed by slip casting increases (Fig. 10) . A higher solid content promotes more particle-particle interaction, hence decreases the space between particles occupied by water and consequently increasing the relative density [17] . However for increasing Ti concentration in slurries with defined solids content the relative density of green samples decreases. (Fig. 11) . This may be related to the wide diversity of powder size. Micrometric sized titanium particles probably block rearrangement of particles during settling and decreasing the particles packing.
The selected slurry with the solid phase concentration of 45 vol.% and the titanium content of 10 vol.% was used to prepare samples for SEM observations of fracture of green body and sintered sample.
The observations of green body fracture showed homogenous distribution of titanium particles in ZrO 2 matrix. Single metal particles were closely surrounded by nano-size powder particles of ZrO 2 (Fig. 12) . The microstructure of composite also includes pores resulting from the fact that the sample has approx. 51% of relative density. Such good homogeneity of samples was obtained due to the sufficiently high zeta potential and a high volume fraction of powders. Preliminary observations of fracture of the sintered at 1450°C for 2 h in Ar atmosphere samples also showed a homogenous distribution of titanium particles in a ceramic matrix (Fig. 13) . The observed particle size of the titanium powder in composite corresponds to size of starting metal particles. There was no delaminations and cracks on the border between the Ti particles and the ceramic matrix. The microstructure of the composite showed the presence of pores with varying size. 
Conclusion
Composite from ZrO 2 -Ti system with different ratio of powders can be formed by slip casting method. The addition of 0.3 wt.% of diammonium citrate allows achieving high enough stability of slurry in pH above 7 to obtain homogenous samples with good dispersion of Ti particles in ceramic matrix in green state and after sintering.
The research shows that green density is dependent on volume fraction of powders and increases with increasing solid content. However, the increase of Ti concentration in slurry has negative effect on green density although, in the same time, the viscosity decreases with increasing Ti content what theoretically should improve the packing of particles during slip casting.
Due to good castability and low viscosity in quite wide range of solid content, the ZrO 2 -Ti slurry could be adjust to slip casting of complex-shape element with define wall thickness in reasonable short time.
